Introduction {#S0001}
============

Gastric cancer is the fifth most common cancer and the third leading cause of cancer death worldwide.[@CIT0001] It is estimated that 27,510 new cases of gastric cancer will be diagnosed in 2019, accounting for approximately 15% of all malignancies.[@CIT0001] According to statistical data, 52% of the gastric cancer patients in the world reside in China.[@CIT0002] Despite improvements in treatment such as surgery, chemotherapy and radiotherapy, the prognosis for advanced gastric cancer remains dismal. The high mortality rate is primarily due to advanced stage diagnosis, tumor metastasis and the lack of effective drugs. Therefore, it is important to study the molecular basis of oncogenesis, development and metastasis of gastric cancer, in order to identify more sensitive detection methods, and effective therapeutic agents.

Gastric cancer is highly heterogeneous in both clinically and pathologically. As a complicated multistep process, the development of gastric cancer involves multiple signaling pathways with epigenetic and genetic variations,[@CIT0003]--[@CIT0005] including copy number variations (CNVs), single-nucleotide variants (SNVs) and chromosomal translocations. These genetic alternations may cause the activation of pro-oncogenes and inactivation of tumor-suppressor genes, eventually leading to gastric tumorigenesis and progression.[@CIT0006] As a form of structural variation, the coverage variations of DNA sequences, genes and exons, which are known as copy number variations, are considered to be an important source of genetic diversity.[@CIT0007] It has been well recognized that CNV contributes to carcinogenesis in many human malignancies including gastric cancer, colorectal carcinoma, hepatocellular carcinoma and ovarian cancer.[@CIT0008]--[@CIT0011] In the ToGA study, a randomized Phase III clinical trial, overall survival of patients with *HER2* gene amplification was improved by trastuzumab combined with traditional chemotherapy in advanced gastric cancer.[@CIT0012] The results indicated that in gastric cancer, coverage variations may lead to the identification of therapeutic targets and improve diagnosis and treatment.[@CIT0013],[@CIT0014] Furthermore, the amplification of the *PIK3CA, MET, MYC*, and *HER2* genes has also been confirmed to be associated with poor clinical outcome.[@CIT0008]

A recent work based on 183 samples revealed that most gastric tumors carry one or more high-level CNVs encompassing known or putative therapeutic target genes, including *HER2, TUBB3* and *TOP2A*.[@CIT0015] A large number of studies have found that loss of 1p36 and 9p21, as well as a gain of 3p22, 4q25, 8q24, 11p13 and 20q13 in gastric cancer. These regions are where many cancer-related genes are located, such as *MYC* and *CTNNB1* are located.[@CIT0016],[@CIT0017] Gene copy number variations are important factors affecting gene expression, resulting in deregulation of various carcinogenic or anticancer pathways. Increasing evidence has also shown that the aberrant expression of miRNAs and lncRNAs are associated with genome coverage variations in gastric cancer.[@CIT0018],[@CIT0019] Since non-coding RNAs are key factor in carcinogenesis, further studies are warranted to evaluate the effect of CNV-associated non-coding RNAs in the diagnosis and prognosis of gastric cancer.

Array-based technologies for coverage variation detection have been used widely for more than a decade.[@CIT0020] However, the limitation of poor sensitivity and precision, low coverage and probe density restrict its application. In recent years, next-generation sequencing technologies[@CIT0021] have provided an efficient method to accurately detect coverage variations in whole genome with high resolution.[@CIT0022]--[@CIT0024]

In this study, we assessed the copy number of genes and exons from gastric cancer samples by using next-generation sequencing technology. Thirty gastric cancer patients in a Chinesec population were enrolled in this study. Genomic DNA was extracted from gastric cancer tissue along with matched adjacent non-cancerous tissue. A panel embracing 3,300 exons in 1,021 genes was designed and used to improve the sequencing effect. The gene copy number pattern was significantly different between cancer and paired non-cancerous tissues. Also, gene amplification and deletion were identified in cancerous tissue compared with their matched non-cancerous tissue. Additionally, we determined the prognostic value of *NOTCH2, NTRK3, ERBB2*, and *RERE* CNVs on overall survival (OS), indicating a significant role for CNVs in such a clinical application.

Materials and Methods {#S0002}
=====================

Ethics Statement {#S0002-S2001}
----------------

This study was approved by the Institutional Review Board of Jiangsu Cancer Hospital. Written informed consent from all patients was obtained.

Gastric Cancer Samples {#S0002-S2002}
----------------------

Thirty patients from the Department of General Surgery, Jiangsu Cancer Hospital. who were diagnosed with gastric cancer were enrolled in 2013. Tumor tissue and paired adjacent non-cancerous tissue from each patient were collected. All histopathological diagnoses were reviewed independently by at least two senior pathologists.

DNA Extraction {#S0002-S2003}
--------------

Surgically excised human gastric cancer tissues were fixed at room temperature for 24 hrs with 10% formalin. Genomic DNA was isolated from fixed tumor tissue and matched non-cancerous tissue using a commercial DNA extraction kit (QIAamp FFPE Tissue kit, Qiagen, Hilden, Germany). DNA concentration was measured by Qubit fluorometer (ThermoFisher, Waltham, MA, USA) using Qubit dsDNA HS assay. DNA integrity was assessed on a 1% agarose gel and run along with a DL15000 DNA marker (ThermoFisher, Waltham, MA, USA). Approximately 200 ng of extracted DNA from each sample was loaded and samples containing DNA longer than 15 kbp passed the test.

Target Capture Sequencing {#S0002-S2004}
-------------------------

A panel embracing 3,300 exons of 1,017 genes was designed and used to capture target DNAs prior to sequencing. All of these genes are associated with gastric cancer and other cancer types, which include genes in the COSMIC database ([<http://cancer.sanger.ac.uk/cosmic>]{.ul}), have been demonstrated to be mutated in gastric cancer, and reported to be oncogenes or tumor suppressor genes.[@CIT0025],[@CIT0026] Genes in the TCGA database ([<https://cancergenome.nih.gov/>]{.ul}) which associated with other cancer types are also included. Biotinylated oligo probes (Roche NimbleGen, Inc., Madison, WI, USA) were custom designed and synthesized to capture all 3,300 exons and covered approximately 1.1 Mbp.

DNA libraries were constructed using the Illumina TruSeq DNA Library kit (Illumina, San Diego, LA, USA) according to the recommended protocol. For each sample, 1 µg of isolated DNA was initially sheared to approximately 250 bp using an ultrasonoscope. DNA fragments were then end-repaired, ligated to adapters, and amplified for 12 cycles in a thermal cycler. Customized probes were then used to capture the amplified libraries. Libraries were subsequently sequenced on a HiSeq3000 sequencing system (Illumina) in 2×150 bp paired-end mode.

Sequencing Data Analysis {#S0002-S2005}
------------------------

To remove low-quality reads and reads containing adaptor sequences, a quality control was performed on the raw data. Using BWA (0.7.12-r1039),[@CIT0027] filtered reads were aligned to the human genome (GRCh37).

For each cancerous tissue and its matched adjacent non-cancerous tissue, read counts for each base was calculated using Samtools.[@CIT0028] The average coverage depth of each captured exon was then calculated and normalized to a same standard, two in each sample. We filtered the exons whose average coverage depth fell below 0.1. The heatmaps of all cancer tissues and all adjacent non-cancerous tissues were constructed using the R package Pheatmap, where red and blue indicates gain and loss, respectively. Cancer tissue and all adjacent non-cancerous tissue were analyzed by cluster analysis based on their exon coverage pattern. Next, the coverage depth ratio for each exon between cancer and paired normal samples was determined. A heatmap was generated based on the depth ratio by using the R package Pheatmap. The red and blue colors indicate exon gain and loss in the cancer tissue, respectively.

Overall survival (OS) curves were generated by using the R package survival based on Kaplan-Meier method. By using the log rank test, differences of P\<0.05 were considered to be statistically significant. Patients were divided into three groups (Gain, Normal and Loss) by average coverage and based on the number of samples, the smallest group was merged with the adjacent group.

Results {#S0003}
=======

Clinical Characteristics {#S0003-S2001}
------------------------

The clinical characteristics of the patients in this study are listed in [Table 1](#T0001){ref-type="table"}. Briefly, the enrolled gastric cancer patients consisted of 27 males and 3 females, and their age at diagnosis/surgery ranged from 32\~79 years with a median age of 58.5 years. The follow-up time ranged from 6--50 months with a median time of 40 months. Gastric cancer tissues were obtained from three anatomical locations: 11 from the cardia, 12 from the body and 7 from the antrum. Based on the Lauren classification, 16 cases were classified as intestinal-type, 11 as diffuse-type, and 3 as mixed intestinal with diffuse histology. Based on the 7th National Comprehensive Cancer Network (NCCN) treatment guidelines, 2 samples were determined to be stage I, 4 samples were determined to be stage II, and the remaining 24 samples were determined to be stage III. Table 1Patients Clinicopathological CharacteristicsCharacteristicsNo. of Patients (n=30)Gender (Male/Female)27/3Age (years) (≥60/\<60)15/15Lauren type (Int/Dif/Mixed)16/11/3Tumor differentiation (Moderate/M-P/Poor)4/16/4Pathological stage (pT) (T~3-4~/T~1-2~)27/3Lymph node metastasis (pN) (N~1+2+3~/N~0~)22/8AJCC stage (7th, ed.) (III/II/I)24/4/2Venous invasion (±)11/19Perineural invasion (±)20/10Recurrence17/13[^2]

Capture and Sequencing Results {#S0003-S2002}
------------------------------

To improve the sequencing effort, a panel of 1,021 genes including 3,300 exons was investigated. A total of 30 cancerous and matched adjacent non-cancerous tissues were sequenced. The sequencing coverage depth of the cancer tissue ranged from 119.2-fold to 1303.4-fold, with the a median depth of 751.2-fold. The sequencing coverage depth of the adjacent non-cancerous tissue was lower than that of the cancer tissues with a median depth of 96.5-fold.

Overall Coverage Depth of Exons {#S0003-S2003}
-------------------------------

Exon coverage depth was calculated and normalized. We filtered the exons with a coverage depth less than 0.1. The exon coverage pattern of non-cancerous tissues exhibited a high similarity among samples ([Figure 1A](#F0001){ref-type="fig"}). Because all the samples in this group represent normal tissue, they tend to have the same normal diploid genomes. The coverage variations among exons may be the result of different efficiencies of the capture probes and amplification bias. In contrast, the exon coverage pattern of the cancer tissue showed significant difference among samples ([Figure 1B](#F0001){ref-type="fig"}). Numerous incidents of copy number gain and loss, which consist of genes/exons involved in pathogenesis, progression, and drug resistance were observed in the cancerous samples compared with adjacent non-cancerous samples. The copy number of these genes/exons was approximately the same in the non-cancerous tissue. It has been demonstrated that gastric cancers are highly heterogeneous with respect to their genome. Different cancer tissues contain different genomic alterations, including single nucleotide variations, insertion, deletion and copy number variations. Even within one cancer tissue, the genomes among cells are considered to be heterogeneous. Therefore, the copy number patterns of normal and cancerous tissue demonstrate that the sequencing and analysis approaches are efficient and the results could provide sample genomic information. Figure 1Heatmap of exon coverage. (**A**) Heatmap of exon coverage in adjacent non-cancerous normal tissues. (**B**) Heatmap of exon coverage in cancerous tissue.

Based on the copy number pattern, we divided gastric cancer patients into two groups and one separate sample (P3). To investigate whether there was any difference between the two divided groups, we examined the clinical characteristics and overall survival difference. The clinicopathological characteristics of the two groups are shown in [Table 2](#T0002){ref-type="table"}. The median age of group one was seven years younger than group two (56 vs 63). Meanwhile, based on Lauren classification, group one had a higher proportion of intestinal type disease compared with group two. More patients in group one had perineural invasion. With respect of overall survival, we found that there was a slight difference between the two groups ([Figure 2](#F0002){ref-type="fig"}), however, this was not significantly different. Figure 2Overall survival curves of the two groups based on total exon coverage pattern.Table 2Patient Clinicopathological Characteristics of Group 1 and Group 2CharacteristicsGroup 1 (n=17)Group 2 (n=12)Gender (Male/Female)15/211/1Age (years) (≥60/\<60)10/75/7Lauren type (Int/Dif/Mixed)10/6/16/5/1Tumor differentiation (Moderate/M-P/Poor)1/11/53/5/4Pathological stage (pT) (T~3-4~/T~1-2~)15/211/1Lymph node metastasis (pN) (N~1+2+3~/N~0~)\
AJCC stage (7th, ed.) (III/II/I)14/3\
\
13/3/18/4\
\
10/1/1Venous invasion (±)7/103/9Perineural invasion (±)12/57/5Recurrence11/66/6[^3]

Coverage Variations of Cancer Tissues Function as Prognostic Factor {#S0003-S2004}
-------------------------------------------------------------------

To avoid the influence caused by different efficiencies of the capture probes and amplification bais, the coverage variation of cancerous tissue compared with adjacent non-cancerous normal tissue was investigated. The coverage depth ratio for each exon is shown in [Figure 3](#F0003){ref-type="fig"}. The exons exhibited different coverage ratios among the samples. Figure 3Heatmap depicting the coverage ratio between cancer samples and their adjacent normal tissues.

The relationship between coverage variations of the cancer tissue and prognosis of gastric cancer patients was further analyzed. We screened all of the 3300 exons which were designed to be captured and evaluated their potential as prognostic markers. Patients with a gain of the *RERE_18* exon exhibited significantly decreased death hazard ([Figure 4](#F0004){ref-type="fig"}) compared with those without a gain (HR = 0.304, 95% CI = 0.105--0.885, *P* = 0.022). Figure 4Overall survival curves of the two groups based on total *RERE_18* coverage variations.

Several *NOTCH2* exons showed a correlation with overall survival. For example, patients with *NOTCH2_13, NOTCH2_17, NOTCH2_19, NOTCH2_23*, or *NOTCH2_26* exon gains had a shorter overall survival than those without ([Figure 5](#F0005){ref-type="fig"}). However, a significant difference was only observed between the group with *NOTCH2_13* exon gain and the normal group (HR=2.901, 95% CI = 0.997--8.446, *P* = 0.043). Figure 5Overall survival curves of the two groups based on total coverage variations of *NOTCH2.*

For *NTRK3*, patients with *NTRK3_3, NTRK3_16*, or *NTRK3_19* exon gains had a shorter overall survival than those without a gain, while patients showing a loss of the *NTRK3_4* or *NTRK3_7* exons exhibited a longer overall survival than those without loss ([Figure 6](#F0006){ref-type="fig"}). No significant difference was found between the group with the gain of the *NTRK3_19* exon (*P* = 0.104), loss of the *NTRK3_4* exon (*P* = 0.112) and the normal group, respectively. The overall survival analysis also demonstrated an increased death hazard in the group with a gain of *ERBB2_8,13,14,15,19,31* exons, and a decreased death hazards in the group showing loss of *ERBB2_18,20,21,24,26* exons compared with the normal group. However, there was no statistically significant difference. Overall, these results demonstrated the prognostic value of coverage variations in gastric cancer. Figure 6Overall survival curves of the two groups based on total coverage variations of *NTRK3.*

Discussion {#S0004}
==========

Gastric cancers represent a highly heterogeneous group of diseases among individuals and even among individual cells in one patient with different molecular and genetic characteristic. Despite advances in chemoradiotherapy and targeted therapy, the prognosis for gastric cancer remains poor. Genetic alterations, such as copy number variations, single nucleotide polymorphisms, and epigenetic alterations influence the expression of genes involved in different signaling pathways. This eventually leads to the initiation and development of gastric cancer.[@CIT0006] Gastric cancer may be divided into subtypes with different prognoses and recurrence rates according to their genetic characteristics. These approaches provide an opportunity to understand the molecular mechanisms of gastric cancer, which is urgently needed. As an important type of somatic mutation, copy number variation has been demonstrated to be critical in tumorigenesis and cancer prognosis.[@CIT0029]--[@CIT0031] Copy number amplification often contributes to oncogene activation, while copy number deletion often contributes to tumor suppressor gene inactivation.

In the present study, we focused on gene copy number variations in 30 gastric cancer samples from a Chinese population using NGS technology. We evaluated the copy number of specific genes and exons in cancer tissue and adjacent normal tissue. Among non-cancerous tissue, the exon copy number was highly consistent among samples ([Figure 1A](#F0001){ref-type="fig"}). Meanwhile, different exons exhibited different coverage depth within one normal sample ([Figure 1A](#F0001){ref-type="fig"}). Normal tissues contain similar diploid genomes and therefore tend to generate similar copy number patterns among samples. However, different probes used in the sequencing library capture have different efficiencies, and this causes coverage differences among exons. In contrast, the exon coverage pattern among cancer tissues showed a significant difference ([Figure 1B](#F0001){ref-type="fig"}). As a genetically heterogeneous disease, gastric cancer tissue from different patients vary in gene and exon copy number. Therefore, a different coverage pattern was observed among cancer tissue.

To reveal the copy number variations from normal versus cancerous tissue, and to eliminate the influence caused by capture probes, we calculated the coverage depth ratios for specific exons. As shown in [Figure 3](#F0003){ref-type="fig"}, exons exhibited different coverage ratios within a sample and among samples. Further, we also analyzed the relationship between coverage variations of cancer tissue and the prognosis of gastric cancer patients by screening 3,300 exons in 1,021 genes. The overall survival of patients with a copy number gain for the *NOTCH2_13, NTRK3_16* and *NTRK3_3* exons was significantly shorter than those without exon gain. Meanwhile, the copy number gain of the *RERE_18* exon exhibited a significantly decreased death hazard compared with those without exon gain. RERE is localized to PODs and colocalizes with the proapoptotic proteins PML and BAX.[@CIT0032] It functions as a tumor suppressor gene in neuroblastoma and colorectal carcinoma.[@CIT0033],[@CIT0034] Overexpression of RERE induces cell apoptosis in a caspase-dependent manner.[@CIT0032] The NOTCH signaling pathway regulates cancer stem cells, tumor growth, invasion and metastasis.[@CIT0035] In mammals, there are four NOTCH receptors (NOTCH 1--4) and five NOTCH ligands.[@CIT0036] The function of NOTCH2 signaling is cellular context-dependent and it may act ad both an oncogene and a tumor suppressor gene.[@CIT0037]--[@CIT0039] Overexpression or gain-of-function mutations of *NOTCH2* has been found in many cancer types. The expression of NOTCH2 in precancerous mucosal lesions has been reported to be significantly higher than in adjacent normal tissues, suggesting that NOTCH2 plays a vital role in the oncogenesis of gastric cancer.[@CIT0040] Moreover, another study has reported that gastric cancer patients with elevated NOTCH2 expression exhibited poor prognosis.[@CIT0041] Immunohistochemistry staining of gastric cancer specimens before and after undergoing chemotherapy has highlighted an important role for NOTCH2 in drug resistance. A significant increase in NOTCH2 expression was found in patients that exhibited disease regression following chemotherapy. This result has the potential to guide postoperative chemotherapy after neoadjuvant chemotherapy.[@CIT0042] In our study, patients with a gain of the *NOTCH2_13* exon were found to have a significantly shorter overall survival, which is consistent with the reports described above.

Chromosomal rearrangements involving the *NTRK* family have been demonstrated to be oncogenic drivers in many tumor types.[@CIT0043] This may be due to functional gene fusions occurring during the chromosomal rearrangements. The existence of an *NTRK* fusion gene may predict sensitivity to selective TRK kinase inhibitors, such as Larotrectinib. NTRK3 expression was detected in the gastrointestinal epithelia,[@CIT0044] suggesting a role in gastrointestinal cells development. Takashi Kubo et al[@CIT0045] undertook a systematic screening of mutations in gastric cancer cell lines and primary gastric cancer samples with poorly differentiated histology. They found recurrent non-synonymous mutations in the *NTRK3* gene. Coverage variations of *NTRK3* could predict prognosis and chemosensitivity to platinum drugs in ovarian cancer.[@CIT0046] Moreover, *NTRK3* has been reported to be a direct target of miR-497 in gastric cancer cell lines. In our study, we found that copy number gains of the *NTRK3_16* and *NTRK3_3* exons predict a poor prognosis in gastric cancer patients, while patients with an *NTRK3_7* exon copy number loss had a longer overall survival. This is consistent with the role of *NTRK3* described in previous studies.

Our results confirm that gastric cancer is a genetically heterogeneous disease. Coverage variations of some exons of the *RERE, NOTCH2*, and *NTRK3* genes between cancer tissue and adjacent non-cancerous tissue were shown to be prognostic factors in gastric cancer. Further studies using a a larger sample size and longer follow-up times will be required to discover the roles of gene coverage variations in gastric cancer.
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